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Abstract
Background: An understanding of the genetic determinism of photoperiod response of flowering is a prerequisite for the
successful exchange of germplasm across different latitudes. In order to contribute to resolve the genetic basis of
photoperiod sensitivity in maize, a set of 201 recombinant inbred lines (RIL), derived from a temperate and tropical inbred
line cross were evaluated in 5 field trials spread in short- and long-day environments.
Methodology/Principal Findings: Firstly, QTL analyses for flowering time and photoperiod sensitivity in maize were
conducted in individual photoperiod environments separately, and then, the total genetic effect was partitioned into
additive effect (A) and additive-by-environment interaction effect (AE) by using a mixed-model-based composite interval
mapping (MCIM) method.
Conclusions/Significance: Seven putative QTL were found associated with DPS thermal time based on the data estimated
in individual environments. Nine putative QTL were found associated with DPS thermal time across environments and six of
them showed significant QTL6enviroment (QE) interactions. Three QTL for photoperiod sensitivity were identified on
chromosome 4, 9 and 10, which had the similar position to QTL for DPS thermal time in the two long-day environment. The
major photoperiod sensitive loci qDPS10 responded to both short and long-day photoperiod environments and had
opposite effects in different photoperiod environment. The QTL qDPS3, which had the greatest additive effect exclusively in
the short-day environment, were photoperiod independent and should be classified in autonomous promotion pathway.
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Introduction
Flowering time is known to be an important reproductive
characteristic of agronomic interest and plays a principal role in
the geographical adaptability of plants, the expression of which
highly depends on environmental conditions. Photoperiod is one
of the most important environmental signals that determine when
a plant will flower. Photoperiod sensitivity can be considered to be
a survival characteristic because it provides a safety mechanism
ensuring that crop reproduction will occur under favorable
environmental conditions. Photoperiod sensitivity also results in
plants not adapting to environments outside the ecogeographical
ranges of their wild ancestors and is the major obstacle of
exchange between different geographical regions. Being a short-
day plant, the flowering time of maize is promoted by short
photoperiods, i.e. the longer the period of day length is, the later
maize plants flower. Most tropical maize germplasm show
significant photoperiod sensitivity and delayed flowering in
temperate zone, some tropical varieties even do not flower under
temperate environmental regions [1–3]. An understanding of the
genetic determinism of flowering time in different photoperiod
environment is a prerequisite for the usage of tropical maize
germplasm in temperate areas.
Previous studies have proposed that the photoperiod critical
threshold is 12 to 13 hours, beyond that period, the thermal time
necessary for the photoperiod sensitive maize germplasm to flower
increases linearly as day length increases [4–7]. Results from
classical genetic research and breeding programs demonstrate
that, like many other important traits in plant breeding, flowering
time and photoperiod sensitivity are complex traits that show
continuous phenotypic variation among progeny and are con-
trolled by multiple genes, and to a large extent, controlled by
additive genes [2,5,8–10]. Previous studies show that flowering
time in maize is determined by two components: base maturity
and photoperiod sensitivity, and the two components are governed
by separate genetic mechanisms [8,11–12].
PLoS ONE | www.plosone.org 1 November 2010 | Volume 5 | Issue 11 | e14068With the availability of molecular markers to develop well-
saturated genetic maps, mapping quantitative trait loci (QTL) has
become a standard procedure to study the genetic architecture of
quantitative traits, because it allows the estimation of the QTL
number, their genomic position, and the genetic effects of the
QTL that control them. A large body of QTL data for flowering
time, associated with different environmental parameters is
presently available [12–23]. Chardon et al. employed a meta-
data-analysis methodology on 312 publicly available QTL for
flowering time and generated a synthetic genetic model with 62
consensuses QTL, and determined that hot-spot loci were located
on chromosomes 1, 8, 9 and 10 [24]. Using a set of 5000
recombinant inbred lines of a maize nested association mapping
population, Buckler at el. demonstrated the genetic architecture of
flowering time was not caused by a few genes of large effect, but by
the cumulative effects of numerous small additive QTLs with few
genetic or environmental interactions [25]. However, few QTL
resolved in previous studies directly addressed photoperiod
sensitivity and photoperiod sensitivity was not considered to be a
major factor segregating in most cross. Therefore, little is known
about the genetic base of flowering by photoperiod in maize and
the knowledge on the chromosome region, structure and function
of photoperiod sensitivity genes in maize is relatively poor.
Many important questions regarding the genetic aspects of
photoperiodic response of flowering remain largely unanswered.
These include the following: How frequently do flowering time
QTL interact with environments? Which QTL are independent of
photoperiod and which are involved in photoperiod response?
Consequently, there is a need to understand more about the ways
in which flowering time is affected by photoperiod at the
molecular level in maize.
In order to establish the genetic basis of maize photoperiod
sensitivity, Koester et al. identified flowering time, plant height
and leaf number QTL under different photoperiod environments
and speculated that maturity QTL on chromosome 8 may
represent a photoperiod response element [12]. Moutiq et al.
compared flowering time QTL in different photoperiod environ-
ments, and suggested that QTL on chromosomes 8 and 10 had the
greatest additive effects during long days, while those on
chromosomes 3 and 9 had increased additive effects during short
days [9]. Wang et al. found that QTL for flowering time, plant
height and leaf number, under long-day conditions, were clustered
on chromosome 10, while QTL for short day conditions resided
on chromosome 3. The QTL in the bin 10.04 region of
chromosome 10 were detected associated with photoperiod
sensitivity and related traits during long-days [26]. Previous
studies of photoperiod sensitivity were either undertaken by
comparison of flowering time QTL identified in different
photoperiod environments to indirectly speculate the photoperiod
sensitivity QTL or by introducing an index such as PPR and PS to
directly evaluate and identified QTL for photoperiod sensitivity in
maize, or with the two previous designs [9,26]. QTL analysis of
photoperiod sensitivity has generally shown that different QTL for
flowering time were detected in different photoperiod environ-
ments on the same population, which indicated that there are high
level of QTL6environment interaction for all those loci. Most
commonly, a major photoperiod sensitivity QTL is reported when
a QTL is detected having great effect only in long-day
environment and not in short-day environment in most previous
study. Yet this is not a statistical test, and can be misleading if a
QTL is present but at just below the operational significance
threshold in one environment and above it in another.
Buckler et al. reported that no individual QTLs associated with
flowering time were determined by geographic origin or large
effects for epistasis or environmental interactions [25]. However,
the testing environments of Buckler et al. differenced in
temperatures and rainfall, and day lengths were consistently
longer than the critical photoperiod for short-day maize.
Therefore, up to now, there have been no reports that precisely
evaluated the interaction between flowering time QTL and
photoperiod sensitivity environment, as well as successfully
distinguished base maturity QTL and photoperiod sensitivity
QTL from flowering time QTL, due to the lack of appreciated
analysis method and experiment design.
The software of QTLNetwork version 2.0 based on the mixed
linear model has been developed for mapping QTL with additive
effects and epistatic effects as well as their QE [27–28]. This
method has been successfully applied in a number of recent QTL
mapping studies [29–31]. In this paper, we present a novel genetic
investigation of photoperiod response in maize in three photope-
riod environments, using a mixed-model-based composite interval
mapping (MCIM) method, based on a recombinant inbred line
(RIL) population derived from a temperate6tropical cross.
The objective of this study was to (1) identify the QTL
associated with flowering time under different photoperiod
environments; (2) test QTL6E interaction ; and (3) characterize
photoperiod sensitivity QTL.
Materials and Methods
Plant material and field trials
A RILs population consisted of 201 F10 recombination inbred
lines, derived from a cross between two inbred lines, Huangzao4
and CML288, using a single-seed descent method under short-day
conditions (Sanya, China, 18u459N, 109u309E). The parent,
Huangzao4, is a temperate photoperiod insensitive inbred line
derived from a local Chinese germplasm, Tangsipingtou, a
heterotic group used broadly in China. CML288 is a tropical
photoperiod sensitive flint inbred line introduced from CIMMYT.
Field evaluation
Evaluation of the RILs population, two parents and F1 was
conducted in the field in 2007 under a short day environment of
Sanya(18u459N, 109u309E), long-day environments of Zheng-
zhou (34u439N, 113u439E)and Luoyang(34u399N, 112u289E)i n
Henan province, and long-day environments of Shunyi
(40u079N, 116u399E) and Changping(40u149N, 116u139E) in
Beijing(Table 1). The field experiment was designed according
to a complete randomized block design with three replications
at each location. Each RIL was planted in one row, 0.67m apart
and 4m long with a total of 15 plants per row; the density was
45000 plant/ha. Field management was in accordance with
local practices.
Maize is sensitive to photoperiod at the stage of tassel initiation
[4]. Considering the slow rate of change of photoperiod, the
photoperiod during tassel initiation was assumed as the photope-
riod of sensitive stage in each environment. However, tassel
initiation could not be determined directly, in this study, it was
estimated as half the average thermal time necessary from sowing
to silking according to the method of Bonhomme et al. and
Gouesnard et al. [3,6]. The average photoperiod of sensitive stage
is 12.4h at Sanya short-day environment of, 14.3h at Henan long-
day environment and 14.8h at Beijing long-day environment.
Data collection
Maize is a monoecious plant and its flowering involves two
progress, male flowering and female flowering. Considering female
flowering may indeed be delayed because of diseases and other
QTL of Photoperiod Sensitivity
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day environment due to photoperiod sensitivity, only male
flowering was used for the estimation of flowering time and
photoperiod sensitivity. Traits were measured from ten consecu-
tive plants beginning with the third plant of each row. Days to
pollen shed (DPS) were recorded as the number of days from
sowing to the first pollen shed from anthers on the central spike.
The arithmetic mean values for DPS were subsequently
transformed into thermal time, and used to detect flowering time
QTL. Thermal time (TT) was calculated as:
TT~
X n
1
(TXzTN)=2{Tb
where TT is the thermal time accumulated over n days, TX is the
maximum daily temperature, TN is the minimum daily tempera-
ture, and Tb is the base temperature [3,6]. For all locations, Tb was
set at 10uC. Photoperiod sensitivity was evaluated in Henan and
Beijing environment, respectively. Photoperiod sensitivity (PS) was
calculated as: PS=(TTLD2TTSD)/(DLLD2DLSD), where TTSD is
the thermal time of each RIL from sowing to days to pollen shed in
short-days of Sanya, TTLD is the thermal time of each RIL from
sowing to days to pollen shed in long-days, DLSD is the average day
length of photoperiod sensitivity stage in short-day environment,
DLLD is the average day length of photoperiod sensitivity stage in
long-day environment (PSuC/h) [6]. The data obtained from ten
consecutive plants were averaged to obtaintrait valuesfor eachplot,
and three replications were averaged to obtain trait values for each
line in each experiment. To increase the veracity of the evaluation,
the arithmetic mean values of each line at Zhengzhou and Luoyang
location were averaged to obtain RIL trait values in long day
environment of Henan province, and the arithmetic mean values of
each line at Shunyi and Changping location were averaged to
obtain RIL trait values in long day environment of Beijing.
Broad-sense heritability (h
2) for flowering time in each
environment was computed according to Knapp [32]. The
heritability was calculated as follows: h
2=sg
2/(sg
2+sgl
2/n+se
2/nr),
where sg
2 is the genetic variance, sgl
2 is genotype-by-location
interaction (where location means locations within a single
photoperiod environment experiment rather than locations in all
photoperiod environment experiment), se
2 is the error variance, r
is the replication number, and n is the number of location in a
single photoperiod environment. The estimates of sg
2, sgy
2, and se
2
were obtained by analysis of variance (ANOVA) using the general
linear model procedure of the statistical software SPSS 12.0.
Molecular linkage construction and QTL mapping
In accordance with bin location, a total of 713 SSR markers
were chosen from the maize genome database to detect parental
polymorphisms,according to the protocol available at http://www.
maizegdb.org/documentation/maizemap/ssr_protocols.php, with
minor modifications. The co-dominant segregation SSR markers
wereused to genotypethe RILpopulation.Thegeneticlinkagemap
was constructed with Mapmaker/Exp 3.0 at the LOD threshold
.3.0 [33].
QTL analyses were performed using mixed linear composite
interval mapping in the software QTLNetwork 2.0, based on a
mixed linear model [27,28]. Testing window, work speed and
filtration window set at 10 cM, 2 cM and 10 cM, respectively.
Significance testing was based on the F-test using Henderson
method III, and 10,000 permutation tests were used to calculate
the critical F-value to control the genomewise type I error [34,35].
QTL detection was undertaken for each environment separately at
first and then across environments. QTL identified in individual
environment were expected to contain mixed effects of additive
effect (A) and additive-by-environment interaction effect (AE),
while QTLs obtained across environments were with A and AE,
respectively.
Results
Phenotypic measurement of photoperiod sensitivity and
flowering time in different photoperiod environments
Huangzao4 and CML288 were significantly different for
flowering time in all the three photoperiod environments
(P,0.01). Thermal time from sowing to days to pollen shed for
both parents were significantly increased along with the increase of
latitude and CML288 showed more strong photoperiod sensitivity
than Huangzao4 (Table 2). Thermal time from sowing to days to
pollen shed for CML288 grown in the long day environments of
Henan and Beijing increased by 61.74% and 86.23%, respectively,
compared with grown in short day conditions of Sanya, while
Huangzao4 increased by only 24.02% and 35.81%, respectively.
What’s more, CML288 did not silk in Henan and Beijing
environment over the study period. Photoperiod sensitivity values
of CML288 were approximately three times that observed in
Huangzao4, which indicated that CML288 exhibited increased
photoperiod sensitivity. In all environments, the flowering time
and photoperiod sensitivity measured in the RIL population
followed approximately a normal distribution presenting a suitable
phenotypic segregation for QTL mapping(Fig. 1). Compared with
RILs grown in low latitude area in Sanya, RILs grown in high
latitude in Henan and Beijing showed 38.12% and 60.43%
increase in thermal time of flowering time (DTT) respectively.
Transgressive segregation in both directions was observed for
flowering time under the three photoperiod environments and for
photoperiod sensitivity under long day environments.
Variance analysis was conducted using the mixed model.
Difference between repetitions was not significant while entries
Table 1. Locations and environmental characteristics of five field trails.
Temperature(uC)
Location Longitude Latitude Sowing date Daylength(h)
a highest lowest mean
Sanya 109u309E1 8 u459N Mar 19 12.4 29.5 23.8 27.2
Zhengzhou 113u439E3 4 u439N April 26 14.3 31.4 17.4 25.5
Luoyang 112u289E3 4 u399N May 2 14.3 30.8 16.1 25.4
Changping 116u139E4 0 u149N May 16 14.8 30.7 17.6 25.3
Shunyi 116u399E4 0 u079N May22 14.8 30.4 18.6 25.7
doi:10.1371/journal.pone.0014068.t001
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for flowering time and photoperiod. Broad sense heritability was
calculated considering different data sets. When calculated using
the raw data collected from each of location of each photoperiod
environment, heritability for flowering time was higher in Henan
and Beijing long photoperiod environment (85.56% and 93.04%)
and lower in short day environment (82.82%), when calculated
across environments, heritability for flowering time was reduced
(76.14%).
Genetic linkage map construction
A total of 713 SSR markers were used to screen polymorphisms
between the two parental inbred lines. Two hundred seventy-nine
distinct co-dominant markers were employed to construct a
genetic linkage map. Two hundred thirty-seven informative
markers were assigned to 10 chromosomes using Mapmaker 3.0
at LOD.3.0. The linkage map had a total length of 1974.3 cM
with an average interval of 8.33 cM between adjacent makers.
QTL detection for flowering time in different
photoperiod environments
QTLs with A+AE effects on DPS thermal time. QTL
mapping based on the data estimated in individual photoperiod
environments led to the identification of the QTL with mixed
effects of additive effect (A) and additive-by-environment
interaction effect (AE) for flowering time in the RILs in maize.
In total, seven putative QTL with mixed effects of A+AE were
found associated with DPS thermal time, which were mapped to
chromosome 3, 4, 7, 9 and 10 (Table 3 and Fig. 2). The
phenotypic variance explained by the QTL ranged from 3.45 to
44.30% and the detected QTL totally explained 34.89%, 72.12%
and 65.76% of the phenotypic variance in Sanya, Henan and
Beijing, respectively. Trait values at all detected QTL were
increased from the allelic contributions of CML288. Among these
QTL, none of the same QTL was detected simultaneity under all
the three photoperiod conditions, however, four (qDPS4, qDPS9-2,
qDPS9-3 and qDPS10) were identified in both Henan and Beijing
environments, whereas were not detected in Sanya environment;
one (qDPS9-1) were identified in both Henan and Sanya
environments; two (qDPS3 and qDPS7) were identified only in
Sanya environment. The QTL, qDPS10 located on chromosome
10.04 between markers umc1873-umc2163, demonstrated the
highest additive effects with values of 75.08uC–95.49uC and
accounted for 39.79%–44.30% of the phenotypic variance for
DPS thermal time in Henan and Beijing long-day environment.
The QTL, qDPS3 located on chromosome 3.05 between markers
phi053-umc1539, demonstrated the highest additive effects with
values of 25.62uC and accounted for 27.16% of the phenotypic
variance for DPS thermal time in Sanya short-day environment.
No significant epistasis interaction associated with DPS thermal
time was detected.
QTLs with A effects on DPS thermal time. Quantitative
trait locus mapping based on the data estimated across
environments led to the identification of the QTL with small but
stable effects in different environments (Table 4). In totally, 9
putative QTL were found associated with DPS thermal time
across environments. These QTLs were located on 7 maize
chromosomes: two on chromosome 1 and chromosome 9 and one
on each of chromosomes 3, 4, 6, 8 and 10. These QTLs explained
from 0.1% to 4.4% of the phenotypic variance with the additive
effects ranging from 13.05uC to 55.04uC. The qDPS10 had the
most significant effect, accounting for 4.45% of the phenotypic
variance. Trait values at all detected QTL were increased from the
allelic contributions of CML288. The total additive QTL detected
for maize flowering time accounted for 8.05% of the phenotypic
variance. Some QTL (qDPS1-1, qDPS1-2, qDPS6 and qDPS8) were
detected across environments but not in individual environment,
while qDPS7 and qDPS9-3 were detected in individual
environment but not across environments.
QTLs with AE interaction effects on DPS thermal
time. Six QTL were involved in significant AE interactions
for DPS thermal time (Table 4): two on chromosome 1 and one on
each of chromosomes 4, 8, 9 and 10, respectively. The AE effects
Table 2. Phenotypic evaluation of the two parents, F1 and the RIL population in three environments.
traits TT
a PS
a
Sanya
(18u459N)
Henan
(34u399N–34u439N)
Beijing
(40u079N,40u149N)
Henan
(34u399N–34u439N)
Beijing
(40u079N,40u149N)
Huangzao4(P1) Mean 823.38 1021.12 1118.24 105.74 122.86
CML288(P2) Mean 958.67 1550.52 1785.33 316.5 344.44
P1 VS P2
b ** ** ** ** **
F1 Mean 783.43 1136.88 1264.47 189.01 200.43
RIL Mean6sd 881.83644.52 1218.046107.47 1414.716137.03 225.64669.77 297.7675.53
Range 777.2–990.3 976.48–1508.06 1118.4–1746.8 89.08–431.64 144.08–487.49
Skewness 0.18 0.21 0.34 0.45 0.46
Kurtosis 20.41 20.14 20.51 20.33 20.49
HB
2c(%) 82.82 85.56 93.04 86.35 82.67
Note:
a, TT: flowering time, estimated as the sum of effective temperature from sowing to days to pollen shed;
PS: photoperiod sensitivity, calculated as: PS=(TTLD2TTSD)/(DLLD2DLSD), where TTSD is the thermal time of each RIL from sowing to days to pollen shed in short-
days of Sanya, TTLD is the thermal time of each RIL from sowing to days to pollen shed in long-days, DLSD is the average day length of photoperiod sensitivity stage in
short-day environment, DLLD is the average day length of photoperiod sensitivity stage in long-day environment.
b, Statistical test for difference between two parents at 0.05 (*) and 0.01 (**) levels of probability; ns, not significant.
c,HB
2, the broad-sense heritability.
doi:10.1371/journal.pone.0014068.t002
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1 and qDPS1-2 showed significant ae interaction effect only in
Sanya short day environments, qDPS4, qDPS8 and qDPS9-2
showed significant ae interaction effect both in Sanya short day
environments and in Beijing long day environment, however,
differences were observed in both the magnitudes and directions of
effects. qDPS10 showed the largest variation among environments,
with ae values of 58.56, 218.48 and 240.40 in Sanya, Henan and
Beijing, respectively.
QTL detection for photoperiod sensitivity in maize
The ANOVA (not shown) indicated that the interaction
between lines and environment for photoperiod sensitivity was
not significant. For this reason and for the sake of conciseness, the
QTL detection was carried out for photoperiod sensitivity on the
average performance of Henan and Beijing long day environment
and within each environment. For photoperiod sensitivity, three
QTL were identified on chromosome 4, 9 and 10. The phenotypic
variance explained by the QTL ranged from 3.90 to 52.93%.
Trait values at all detected QTL were increased from the allelic
contributions of CML288. All QTL detected for photoperiod
sensitivity had the similar position to QTL for DPS thermal time
in the Henan and Beijing long-day environment (Fig. 2 and
Table 5). No significant epistasis interaction associated with
photoperiod sensitivity was detected.
Discussion
Up to now, the genetic basis of flowering time control has not
been well understood in maize. In previous studies, QTL
associated with photoperiod sensitivity has been inferred indirectly
Figure 1. Frequency distribution for flowering time and photoperiod sensitivity in the recombinant inbred lines(RILs) derived from
the cross Huangzao46CML288. (A) flowering time in Sanya (B) flowering time in Henan (C) flowering time in Beijing (D) photoperiod sensitivity in
Henan (E) photoperiod sensitivity in Beijing.
doi:10.1371/journal.pone.0014068.g001
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photoperiod environments and it was speculated that those QTLs
detected only in long day environment might contain important
photoperiod response element [9,12,26]. However, in any specific
environment, the total effect of a QTL includes the main effect of
the QTL and QE interaction effects for that environment.
Therefore, conclusions of which QTL associated with photoperiod
sensitivity by comparing mapping results of flowering time QTL in
different photoperiod environments could only be speculative.
Understanding how interactions between QTL and photoperiod
environment and distinguishing which QTL involved in base
maturity and which QTL in photoperiod sensitivity would be a
step forward for understanding the genetic basis of flowering time
and photoperiod sensitivity in maize. More recently, Buckler et al.
demonstrated the genetic architecture of flowering time was not
caused by a few genes of large effect, but by the cumulative effects
of numerous small additive QTLs with few genetic or environ-
mental interactions [25]. However, day lengths of their testing
environments were consistently longer than the critical photope-
riod for short-day maize. In this study, using a RIL population
derived from a tropical6temperate cross, flowering time were
evaluated in three different photoperiod environment (Sanya,
Henan and Beijing) and the genetics of flowering time in maize
were dissected into QTL with main effects and their interactions
with photoperiod environments rigorously.
Based on this study, flowering time QTL might be divided into
two classes: (1) base maturity QTL, i.e. autonomous promotion
pathway QTL, having no interactions with photoperiod environ-
ment; and (2) photoperiod sensitivity QTL, having significant
interaction effect with photoperiod environment. In this study,
qDPS3, qDPS6 and qDPS9-1 were found only having main additive
effect for flowering time and no interaction with any photoperiod
environment, meaning that the three QTL should be classified in
autonomous promotion pathway. Six QTL showed significant QE
interactions for DPS thermal time (Table 4): two of them (qDPS1-1
and qDPS1-2) showed significant QE interaction effect only in
Sanya short day environments and the residual four QTL (qDPS4,
qDPS8, qDPS9-2 and qDPS10) showed significant QE interaction
effect both in short day and long day environments. These six
QTL respond to photoperiod environment and should be involved
in photoperiod pathway.
The region of chromosome 3.05 has been detected associated
with flowering time in many studies [9,13,14,19,26,36,37,38]. In
this study, based on the data estimated in individual photoperiod
environment, mapping results showed that the major QTL for
DPS thermal time, qDPS3, located in the bin of 3.05 on the
chromosome 3 had the greatest additive effect exclusively in the
short-day environment. Moutiq et al. [9] also reported that
qDPS3 only detected in short-day environment but not in long-
days. It should be pointed that, based on the data estimated
across environments, the QTL qDPS3, were found have no
interaction with photoperiod environment, meaning that this
QTL were photoperiod independent and should belong to base
maturity rather than‘photoperiod promotion pathway but
promote flowering when day length is lower than the critical
value’, as described by Moutiq et al.. A synteny conservation
approach based on comparative mapping between a maize
genetic map and japonica rice physical map showed LD
(LUMINIDEPENDENS) gene, an ortholog of the Arabidopsis
gene involved in the autonomous pathway of flowering [39],
associated with QTL for flowering time in bin 3.05 of maize
chromosome 3 [24]. The response to environmental signals of the
genes of this pathway has not clearly been established. Further
research is required to determine the relationship between
qDPS3 and LD gene.
In the present study, based on the data estimated in individual
photoperiod environment, the QTL qDPS10, in the 10.04-region,
was detected exclusively in long-day environment and had the
greatest additive effects, accounting for 39.79%–44.30% of the
phenotypic variance for DPS thermal time in Henan and Beijing
long day environment. Further analysis indicated that qDPS10 had
the highest additive effect across environments and showed
significant QE interaction effect both in short day environments
and in long day environment, while opposite direction of
additive6environment interaction effect were found in different
photoperiod environments. This result suggested that qDPS10
Table 3. The QTL detected for thermal time for flowering time in individual photoperiod environments.
Environment QTL Cloest marker Position Support interval A
a SE h‘2(a)
b
Sanya (short day) qDPS3 Gst14 128.3 125.3–132.6 225.62 2.62 0.2716
qDPS7 bnlg339 99.6 89.1–113.8 210.81 2.77 0.0375
qDPS9-1 umc1691 63.8 49.8–73.7 213.14 3.04 0.0398
Henan(long day) qDPS4 umc1631 170.2 163.7–177.2 225.36 6.04 0.0389
qDPS9-1 umc1691 57.8 43.8–77.7 227.74 6.46 0.0345
qDPS9-2 umc2343 110.7 105.6–115.7 221.46 5.80 0.1074
qDPS9-3 bmc1191 130.1 125.1–134.8 223.96 5.63 0.1425
qDPS10 umc1077 62.7 60.7–64.5 275.08 5.20 0.3979
Beijing (long day) qDPS4 umc1820 160.9 156.9–175.2 229.91 7.01 0.0389
qDPS9-2 umc2343 111.7 105.6–118.7 227.22 7.55 0.0728
qDPS9-3 bmc1191 129.1 123.1–134.8 226.14 7.34 0.1029
qDPS10 umc1077 62.7 60.7–64.5 295.49 6.65 0.443
Note:
a: Additive effect: positive values indicated that Huangzao4 carries the allele for an increase in the trait, while negative values indicate that CML288 contributed the allele
for an increase in the trait value.
b, Contribution explained by putative main-effect QTL.
doi:10.1371/journal.pone.0014068.t003
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expression of qDPS10 in short-day environment might result from
opposite direction of additive and additive6environment interac-
tion effect in Sanya. The decomposition of the total QTL effect
allowed us to understand the genetic basis of flowering time and
photoperiod sensitivity in maize more precisely. Therefore, the
results of this study may provide valuable information for the
identification and characterizing of genes responsible for PS.
What’ more, as qDPS10, most of QTL involved in QE interaction
in this study do not exclusively response to certain photoperiod
environment but respond to both short and long-day photoperiod
environments and has opposite effects in different photoperiod
environment.
In several previous studies, large-effect flowering time QTL
[9,14,24,26,36,40–42] and domestication traits [43] were also
mapped to the vicinity of bin 10.04 on chromosome 10 in maize.
Tian et al. report the discovery of a large region on 10.04 involved
in adaptation or domestication that has been the target of strong
selection during maize domestication [44]. Unlike previously
described regions in the maize genome, 1.1 Mb and .15 genes
lost genetic diversity during selection at this region. These studies
suggest that 10.04-region may have played an important role in
domestication and adaptation in maize. Further effort should be
made to explore why 10.04-region had been under selection and
which genes were involved in this important region.
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Table 5. The QTL detected for photoperiod sensitivity in RIL population.
Environment QTL Cloest marker Position Support interval A
a SE h‘2(a)
b
Henan qPS9 umc2343 104.6 89.8–109.7 222.49 3.46 0.0789
qPS10 umc1077 62.7 60.7–64.5 252.28 3.47 0.5003
Beijing qPS4 umc1820 160.9 156.9–169.2 216.14 3.88 0.0436
qPS9 umc2343 107.7 102.6–116.7 219.25 3.76 0.0399
qPS10 umc1077 62.7 60.7–64.5 257.05 3.68 0.5123
average qPS4 umc1820 160.9 155.0–172.2 214.15 3.55 0.039
qPS9 umc2343 106.7 102.6–114.7 220.03 3.32 0.0529
qPS10 umc1077 62.7 61.7–64.5 254.85 3.37 0.5293
Note:
a: Additive effect: positive values indicated that Huangzao4 carries the allele for an increase in the trait, while negative values indicate that CML288 contributed the allele
for an increase in the trait value.
b, Contribution explained by putative main-effect QTL.
doi:10.1371/journal.pone.0014068.t005
Table 4. Estimated additive (A) and additive6environment (AE) interactions of QTLs for flowering time in three photoperiod
environments.
QTL Cloest marker position Support interval A
a AE1
b AE2
b AE3
b h‘2(a)
c h‘2(ae)
d
qDPS1-1 umc2238 137.4 135.4–140.4 213.05** 9.06* 0.0038 0.0014
qDPS1-2 umc1013 231.2 223.9–232.3 214.48** 8.16* 0.0021 0.0010
qDPS3 Gst14 130.6 123.3–137.6 216.09** 0.0038
qDPS4 umc1631 169.2 164.2–173.2 223.68** 17.55** 213.23** 0.0072 0.0024
qDPS6 bnlg1617 83.4 72.4–90.5 216.34** 0.0031
qDPS8 umc2075 83.7 79.0–85.4 217.57** 12.86** 212.33** 0.0084 0.0036
qDPS9-1 umc1691 60.8 49.8–75.7 216.48** 0.0010
qDPS9-2 umc2343 110.7 106.7–114.7 223.36** 19.83** 211.48* 0.0066 0.0025
qDPS10 umc1077 62.7 61.7–63.7 255.04** 58.56** 218.48** 240.40** 0.0445 0.0256
Note:
a: Additive effect: positive values indicated that Huangzao4 carries the allele for an increase in the trait, while negative values indicate that CML288 contributed the allele
for an increase in the trait value.
b, additive6environment (AE) interactions effect:E1, Sanya; E2, Henan; E3, Beijing.
c, Contribution explained by putative main-effect QTL.
d, Contribution explained by additive6environment (AE) interactions.
doi:10.1371/journal.pone.0014068.t004
QTL of Photoperiod Sensitivity
PLoS ONE | www.plosone.org 8 November 2010 | Volume 5 | Issue 11 | e14068References
1. Goodman MM, Moreno J, Castillo F, Holley RN, Carson ML (2000) Using
tropical maize germplasm for temperate breeding. Maydica 45: 221–234.
2. Giauffret C, Lothrop J, Dorvillez D, Gouesnard B, Derieux M (2000)
Genotype6Environment interactions in Maize Hybrids from Temperate or
Highland Tropical Origin. Crop Sci 40: 1004–1012.
3. Gouesnard B, Rebourg C, Welcker C, Charcosset A (2002) Analysis of
photoperiod sensitivity within a collection of tropical maize populations. Genet
Resour Crop Evol 49: 471–481.
4. Kiniry JR, Ritchie JT, Musser RL (1983) The photoperiod sensitive interval in
maize. Agron J 75: 687–690.
5. Ellis RH, Sumerfield RJ, Edmeades GO (1992) Photoperiod, temperature, and
the intervial from sowing inititation to emergence of maize. Crop Sci 32:
1225–1232.
6. Bonhomme R, Derieu M, Emeades GO (1994) Flowering of diverse maize
cultivars in relation to temperature and period in mutilocation field trials. Crop
Sci 34: 156–164.
7. Birch CJ, Hammer GL, Rickert KG (1998) Temperature and photoperiod
sensitivity of development in five cultivars of maize (Zea mays L.) from
emergence to tassel initiation. Field Crops Res 55: 93–107.
8. Russel WK, Stuber C (1983) Effects of photoperiod and temperatures on the
duration of vegetative in maize. Agron J 75: 795–802.
9. Moutiq R, Ribaut JM, Edmeades GO, Krakowsky MD, Lee M (2002) Elements
of genotype–environment interaction: genetic components of the photoperiod
response in maize. In: Kang MS, ed. Quantitative genetics, genomics, and plant
breeding. New York: CABI. pp 257–267.
10. Chen YH, Zhang XQ, Chang SH, Wu LC, Wu JY, et al. (2003) Studies on the
heredity of the traits related to the photoperiod-sensitive phenomenon among
the temperate6tropical crosses in maize. Sci Agric Sin 36(3): 248–253.
11. Francis CA, Grogan CO, Sperling DW (1969) Identification of photoperiod
insensitive strains of maize (zea mays L.). Crop Sci 9: 675–677.
12. Koester RP, Sisco PH, Stuber CW (1993) Identification of quantitative trait loci
controlling days to flowering and plant height in two near-isogenic lines of
maize. Crop Sci 33: 1209–1216.
13. Stuber CW, Lincoln SE, Wolff DW, Helentjaris T, Lander ES (1992)
Identification of genetic factors contributing to heterosis in a hybrid from two
elite maize inbred lines using molecular markers. Genetics 132: 823–839.
14. Ribaut JM, Hoisington D, Deutsch JA, Jiang CZ, Gonzalez- de-Leon D (1996)
Identification of quantitative trait loci under drought conditions in tropical
maize. 1. Flowering parameters and the anthesis-silking interval. Theor Appl
Genet 92: 905–914.
15. Austin DF, Lee M, Veldboom LR (2001) Genetic mapping in maize with hybrid
progeny across testers and generations: plant height and flowering. Theor Appl
Genet 102(1): 163–176.
16. Ducrocq S, Madur D, Veyrieras JB, Camus-Kulandaivelu L, Kloiber-Maitz M,
et al. (2008) Key Impact of Vgt1 on Flowering Time Adaptation in Maize:
Evidence From Association Mapping and Ecogeographical Information.
Genetics 178: 2433–2437.
17. Veldboom LR, Lee M (1996) Genetic mapping of quantitative trait loci in maize
in stress and nonstress environments: II Plant height and flowering. Crop Sci 36:
1320–1327.
18. Vladutu C, Mclaughlin J, Phillips RL (1999) Fine mapping and characterization
of linked quantitative trait loci involved in the transition of the maize apical
meristem from vegetative to generative structures. Genetics 153: 993–1007.
19. Bohn MM, Khairallah M, Jiang C, Gonzalez-de-Leon D, Hoisington DA, et al.
(1997) QTL mapping in tropical maize. II. Comparison of genomic regions for
resistance to Diatraea spp. Crop Sci 37(6): 1892–1902.
20. Salvi S, Tuberosa R, Chiapparino E, Maccaferri M, Veillet S, et al. (2002)
Toward positional cloning of Vgt1, a QTL controlling the transition from the
vegetative to the reproductive phase in maize. Plant Mol Biol 48: 601–613.
21. Chardon F, Hourcade D, Combes V, Charcosset A (2005) Mapping of a
spontaneous mutation for early flowering time in maize highlights contrasting
allelic series at two-linked QTL on chromosome 8. Theor Appl Genet 112(1):
1–11.
22. Balint-Kurti PJ, Zwonitzer JC, Wisser RJ, Carson ML, Oropeza-Rosas MA,
et al. (2007) Precise mapping of quantitative trait loci for resistance to southern
leaf blight, caused by Cochliobolus heterostrophus race O, and flowering time
using advanced intercross maize lines. Genetics 176(1): 645–657.
23. Coles ND, McMullen MD, Balint-Kurti PJ, Pratt RC, Holland JB (2009)
Genetic Control of Photoperiod Sensitivity in Maize Revealed by Joint Multiple
Population Analysis. Genetics 162: 2169–2185.
24. Chardon F, Virlon B, Moreau L, Falque M, Joets J, et al. (2004) Genetic
architecture of flowering time in maize as inferred from QTL meta-analysis and
synteny conservation with the rice genome. Genetics 162: 2169–2185.
25. Buckler ES, Holland JB, Bradbury PJ, Acharya CB, Brown PJ, et al. (2009) The
genetic architecture of maize flowering time. Science 325: 714–718.
26. Wang CL, Cheng FF, Sun ZH, Tang JH, Wu LC, et al. (2008) Genetic analysis
of photoperiod sensitivity in a tropical by temperate maize recombinant inbred
population using molecular markers. Theor Appl Genet 117: 1129–1139.
27. Yang J, Hu CC, Hu H, Yu RD, Xia Z, et al. (2008) QTLNetwork: mapping and
visualizing genetic architecture of complex traits in experimental populations.
Bioinformatics 24: 721–723.
28. Wang DL, Zhu J, Li ZK, Paterson AH (1999) Mapping QTLs with epistatic
effects and QTL6environment interactions by mixed linear model approaches.
Theor Appl Genet 99: 1255–1264.
29. Liu GF, Yang J, Xu HM, Zhu J (2007) Influence of Epistasis and
QTL6Environment Interaction on Heading Date of Rice (Oryza sativa L.).
J Genet Genomics 34: 608–615.
30. Zhang KP, Tian JC, Zhao L, Wang SS (2008) Mapping QTLs with epistatic
effects and QTL6environment interactions for plant height using a doubled
haploid population in cultivated wheat. J Genet Genomics 35: 119–127.
31. Zhang KP, Chen GF, Zhao L, Liu B, Xu XB, et al. (2009) Molecular genetic
analysis of flour color using a doubled haploid population in bread wheat
(Triticum aestivum L.). Euphytica 165: 471–484.
32. Knapp SJ, Stroup WW, Ross WM (1985) Exact confidence intervals for
heritability on a progeny mean basis. Crop Sci 25: 192–194.
33. Lander ES, Green P, Abrahamson J, Barlow A, Daly MJ, et al. (1987)
MAPMAKER: An interactive computer package for constructing primary
genetic linkage maps of experimental and natural populations. Genomics 1:
174–181.
34. Searle SR, Casella G, McCulloch CE (1992) Variance components. New York:
John Wiley and Sons.
35. Doerge RW, Churchill GA (1996) Permutation tests for multiple loci affecting a
quantitative character. Genetics 142: 285–294.
36. Khairallah MM, Bohn M, Jiang C, Deutsch JA, Jewell DC, et al. (1998)
Molecular mapping of QTL for southwestern corn borer resistance, plant height
and flowering in tropical maize. Plant Breeding 117: 309–318.
37. Kozumplik V, Pejic I, Senior L, Pavlina R, Graham GI, et al. (1996) Molecular
markers for QTL detection in segregating maize populations derived from exotic
germplasm. Maydica 41(3): 211–217.
38. Beavis WD, Smith OS, Grant D, Fincher R (1994) Identification of quantitative
trait loci using a small sample of topcrossed and F4 progeny from maize. Crop
Sci 34: 882–896.
39. Van Nocker S, Muszynski M, Briggs K, Amasino RM (2000) Characterization of
a gene from Zea mays related to the Arabidopsis flowering-time gene
LUMINIDEPENDENS. Plant Molecular Biology 44: 107–122.
40. Ribaut JM, Fracheboud Y, Monneveux P, Banziger M, Vargas M, et al. (2007)
Quantitative trait loci for yield and correlated traits under high and low soil
nitrogen conditions in tropical maize. Mol Breeding 20: 15–29.
41. Jiang C, Edmeades GO, Armstead I, Laffitte HR, Hayward MD, et al. (1999)
Genetic analysis of adaptation differences between highland and lowland
tropical maize using molecular markers. Theor Appl Genet 99: 1106–1119.
42. Bouchez A, Hospital F, Causse M, Gallais A, Charcosset A (2002) Marker-
assisted introgression of favorable alleles at quantitative trait loci between maize
elite lines. Genetics 162: 1945–1959.
43. Briggs WH, McMullen MD, Gaut BS, Doebley J (2007) Linkage mapping of
domestication loci in a large maize-teosinte backcross resource. Genetics 177:
1915–1928.
44. Tian F, Stevens NM, Buckler ES (2009) Tracking footprints of maize
domestication and evidence for a massive selective sweep on chromosome 10.
Proc Natl Acad Sci USA 106: 9979–9986.
QTL of Photoperiod Sensitivity
PLoS ONE | www.plosone.org 9 November 2010 | Volume 5 | Issue 11 | e14068